N have confi rmed that dye tracer experiments provide spatially highly resolved information on solute transport through the unsaturated zone (e.g., Steenhuis et al., 1990; Wang et al., 2003; Javaux et al., 2006; Kasteel et al., 2007) . With the aid of these studies, valuable new insights into the nature of solute transport have been gained. For instance, the dye tracer experiments performed by Flury et al. (1994) provided convincing evidence that preferential fl ow and transport is rather the rule than the exception in natural soils.
In transport studies in soils, the food dye Brilliant Blue has been preferably used due to its low toxicity, good visibility, and relatively high mobility (German-Heins and Flury, 2000) . Brilliant Blue is not an inert tracer and its sorption isotherm has often been found to be highly nonlinear (Perillo et al., 1998; Ketelsen and Meyer-Windel, 1999; German-Heins and Flury, 2000) . Hence, inferences of (preferential) water fl ow pathways derived from Brilliant Blue images are not straightforward (Perillo et al., 1999; Kasteel et al., 2002) . Rather, Brilliant Blue is considered especially useful to infer the transport characteristics of contaminants with similar adsorption characteristics (Kasteel et al., 2005) .
The studies of Ewing and Horton (1999) , Forrer et al. (2000) , and Persson et al. (2005) showed that quantifi cation of dye concentration from Brilliant Blue stained soil cross-sections is possible using image analysis techniques. At scales from a few centimeters up to a few meters, dying techniques provide better spatial resolution of solute concentrations in soil than any other current method (Persson et al., 2005) . From the dye staining images, solute transport properties of the soil can be inferred (Forrer et al., 1999) . As the method is destructive, however, timelapse dye tracer displacement studies are constrained to two dimensions. Yet to fully understand solute displacement through unsaturated soils and its corresponding constituent parameters, a full three-dimensional spatiotemporal monitoring of the solute plume evolution is needed . In the laboratory, this can be obtained by means of optical methods if the considered porous medium is transparent, for example if glass beads are used (e.g., Stöhr et al., 2003) . Ignoring pointlike approaches, such as, for example, that used in Nielsen et al. (1991) , optical methods cannot provide three-dimensional spatiotemporal resolution of solute displacement experiments in natural soils. Noninvasive tomographical methods, however, have the potential to provide information on the three-dimensional
Imaging Brilliant Blue Stained Soil by Means of Electrical Resis vity Tomography
A : ERT, electrical resistivity tomography; RGB, red, green, blue; TDR, time domain refl ectometry.
O R Temporal mapping of the three-dimensional spa al distribu on of solute transport in soils is needed for an improved understanding of the underlying processes. Numerous studies have confi rmed that Brilliant Blue imaging provides spaally highly resolved informa on on solute transport in soils. A drawback of the method, however, is its destruc ve character, which prevents three-dimensional mapping of the temporal evolu on of Brilliant Blue plumes or fronts. In this study, we determined that the nega ve ionic charge of the Brilliant Blue molecule for moderately acid and basic environments provides an electrical conduc vity contrast that can be detected by means of me domain refl ectometry (TDR) and electrical resis vity tomography (ERT). Time-lapse ERT supplies three-dimensional spa otemporally resolved image data through minimally invasive measurements but with limited spa al resolu on. A joint applica on of Brilliant Blue imaging and ( me-lapse) ERT off ers poten al benefi ts such as ERT image valida on by dye staining, spa otemporally resolved Brilliant Blue displacement studies, and improved ERT inversion regulariza on based on Brilliant Blue image-derived solute plume or front characteris cs. This study illustrates the eff orts needed to quan ta vely relate Brilliant Blue concentra on and electrical conduc vity as well as the poten al and limita ons of noninvasive smoothness-constrained ERT for solute imaging in soils.
spatiotemporal evolution of a solute plume or front leading to the dye staining pattern.
In solution, the Brilliant Blue molecule is predominantly electrically negatively charged for pH values >5.83 (Flury and Flühler, 1995) . Under these conditions, Brilliant Blue provides an electrical contrast that should be detectable by methods sensitive to an electrical conductivity contrast, provided that Brilliant Blue is applied in suffi ciently large concentrations. As Binley et al. (1996a) and subsequent studies (e.g., Park, 1998; Slater et al., 2002; Singha and Gorelick, 2005; Koestel et al., 2008) showed, ERT can be used to image time-varying electrical conductivity contrasts in three dimensions.
Th e ERT inversion problem is usually strongly underdetermined. Th erefore, the problem has to be regularized to reconstruct images from ERT data. To this end, a smoothness constraint is commonly applied (e.g., Binley and Kemna, 2005) ; however, the smoothness constraint is not optimal for imaging sharp electrical conductivity contrasts like those that often occur in natural systems. Instead of the smoothness constraint, it appears advantageous to use a regularization that is linked to the spatial characteristics of the target object (e.g., Linde et al., 2006) ; however, information on these spatial characteristics is seldom available. An additional caveat against stand-alone smoothnessconstrained ERT images is that they are prone to specifi c bias (Friedel, 2003; Day-Lewis et al., 2007) , which can lead to mass balance problems (Singha and Gorelick, 2005) . Th erefore, ERT image results should preferably be ground-truthed by an independent method.
The joint application of photographic and geoelectric methods for the imaging of Brilliant Blue concentrations off ers various potential benefi ts: (i) the optically derived Brilliant Blue image data are useful to ground-truth the ERT image; (ii) the three-dimensional spatiotemporal evolution of the solute plume corresponding to two-dimensional image-derived Brilliant Blue concentrations can be provided by time-lapse ERT and thus the characterization of solute transport can be improved; and (iii) instead of the smoothness constraint, a constraint derived from the spatial characteristics of the three-dimensional Brilliant Blue image (e.g., spatial statistics, sharpness of the Brilliant Blue solute plume) can be used for the ERT regularization.
A study in which a dye staining technique was jointly applied with ERT was described in Binley et al. (1996a) . Th ey used a Methylene Blue dye to ground-truth their ERT analysis of solute transport in an undisturbed soil column. Th eir comparison was purely qualitative, however, and they did not directly image the dye tracer using ERT.
Th e aim of our study was to show that Brilliant Blue can be used as an electrical tracer. Furthermore, we wanted to demonstrate the eff orts and data needed to quantitatively relate optical and electrical Brilliant Blue images. A comparison between optically and ERT-derived Brilliant Blue concentrations illustrates the potential and limitation of smoothness-constraint ERT to noninvasively image electrical conductivity patterns in undisturbed soil.
In our study, we performed a Brilliant Blue displacement experiment in a zero-potential lysimeter fi lled with an undisturbed sandy soil. We derived the Brilliant Blue concentrations from photographic data and compared them with the corresponding smoothness-constrained ERT-derived bulk electrical conductivities. Th e electrical conductivity could be translated to bulk Brilliant Blue concentration using one-dimensional approximations for the parameterization of petrochemical and petrophysical models. We also investigated measurement, approximation, and interpolation errors as well as imaging artifacts.
Theory
Modeling the Petrophysical Rela onship Waxman and Smits (1968) presented an empirical relationship for unsaturated shaly sands that relates the bulk electrical conductivity, σ b (μS cm −1 ), and solute electrical conductivity, σ w (μS cm −1 ), as follows:
where σ s (μS cm −1 ) denotes the mineral surface electrical conductivity, and F (dimensionless) is a formation factor defi ned as
where Φ (cm 3 cm −3 ) is the porosity and a and m (both dimensionless) are empirical parameters that account for the pore network geometry (Archie, 1942) . Note that we chose microsiemens per centimeter as units instead of siemens per meter for convenience. In Eq.
[1], S (dimensionless) is the water saturation of the pore space, relating volumetric water content, θ (cm 3 cm −3 ), and Φ according to
and n (dimensionless) is an empirical parameter referred to as the saturation exponent, which is known to be a function of the water saturation history (Lewis et al., 1988; Longeron et al., 1989; Knight, 1991) . Following Eq.
[1], σ b is a function of variables that are not constant at time scales relevant for our study (several days). Th ese are σ w and θ. In addition, a dependency of n on the water saturation history has to be taken into consideration. Based on the results of Revil and Glover (1998) , we assumed no dependency of σ s on σ w for σ w < 1000 μS cm −1 .
We considered changes in σ b between two observation times, which are referred to as the reference (index 0) and sampling times (index t). Th e change in solute electrical conductivity, Δσ w , is obtained from the changes in bulk electrical conductivity, Δσ b , if concomitant changes in water content, Δθ, and changes in the saturation exponent, Δn, are quantifi able.
As we investigated changes in electrical conductivity with respect to a reference time, we based the following derivations on the ratio-inversion approach as described by Daily and Owen (1991) , which is discussed in more detail below. Following this approach, our inversion of ERT data yielded a change in conductivity relative to a homogenous reference model. We refer to it as ratio electrical conductivity, σ r (μS cm −1 ), defi ned as
where σ bt (μS cm −1 ) is the bulk electrical conductivity at the sampling time (t), σ b0 (μS cm −1 ) is the bulk electrical conductivity at the reference time (t 0 ), and σ hom (μS cm −1 ) is the electrical conductivity of a homogeneous reference model, chosen with respect to the considered problem (e.g., 100 μS cm −1 ). For the reference and sampling times, the petrophysical model in Eq. [1] can be written as
and s b w 0 w 0
respectively.
Modeling the Brilliant Blue Adsorp on
Brilliant Blue adsorbs to mineral surfaces. In soils, the bulk Brilliant Blue concentration, C b (g cm −3 ), is composed of Brilliant Blue that is dissolved in the soil water, C w (g cm −3 ), and Brilliant Blue that is adsorbed to the soil matrix, C s (g g −1 ):
where ρ b (g cm −3 ) is the soil bulk density. Adsorbed and dissolved Brilliant Blue concentrations are related through the function f, the so-called adsorption isotherm, i.e., ( )
Combining Eq.
[9] and [10], C w is obtained from C b and C s by
Rela ng Changes in Dissolved Brilliant Blue Concentra on to Changes in Solute Electrical Conduc vity Brilliant Blue is a polyprotic acid. It has two acid dissociation constants, which are pK a1 = 5.83 and pK a2 = 6.58 at 20°C (Flury and Flühler, 1995) . Dissolved Brilliant Blue is predominantly negatively charged for pH values >5.83. Th e largest Brilliant Blue related electrical conductivity contrast prevails for pH values >6.58. To quantify the relationship between Brilliant Blue concentration and electrical conductivity, the pH of the soil solution has to be taken into account.
For constant temperature and suffi ciently low Brilliant Blue concentrations, the relationship between ion concentration and electrical conductivity of the solution is linear. Th e relationship between the dissolved Brilliant Blue concentration and the corresponding change in solute electrical conductivity (Δσ w ) can be expressed as
where γ (μS cm 2 g −1 ) is a proportionality factor that depends on the pH of the solution. 
where the fi rst term on the right-hand side relates changes in bulk electrical conductivity to bulk Brilliant Blue concentration and the second term relates changes in the saturation exponent n due to hysteresis and changes in water saturation, both with respect to the reference time. Th e last term corrects for adsorbed Brilliant Blue. If changes in water saturation and the saturation exponent can be considered negligible, Eq.
[13] simplifi es to
Materials and Methods

Experimental Setup and Schedule
Th e experiment was performed on a lysimeter (diameter, 116 cm; height, 140 cm; Fig. 1b ) containing an undisturbed sandy soil (a Gleyic Cambisol, probably an Udept) taken from the Kaldenkirchen fi eld site (Germany). Th e soil is horizontally layered, with sharp contrasts in soil color between adjacent soil horizons, especially at the 30-and 120-cm depths (Fig. 1a) . Th e soil texture given in Pütz and Klimsa (1991) is provided in Table 1 .
Th e lysimeter was equipped with 10 TDR probes (three rods, 18.8-cm rod length, 2.5-cm rod spacing), which were installed in two vertical transects at depths of 17.5, 42.5, 67.5, 92.5, and 117.5 cm ( Fig. 1b and 1c) . Additionally, 212 stainless steel electrodes (1.2 cm in diameter, 5-cm length, extending 3 cm into the soil) were inserted into the soil column for ERT measurements ( Fig. 1b and 1c) . Th e TDR and ERT measurement devices are documented in Koestel et al. (2009) . Th e ERT survey design (skip-1 dipole-dipole; 37,428 measurements, including reciprocals) was identical to the one described in Koestel et al. (2009) used for a tracer displacement experiment with a steady irrigation rate of 6.5 cm d −1 . Th e dipole-dipole array was chosen because it is an ERT array that provides higher spatial resolution than other ERT arrays (e.g., Sasaki, 1992) .
Th e lysimeter was located in a basement at the Research Center Jülich, Germany. At the sampling time, the ambient temperature was 14.2°C; at the reference time, it was 9.3°C. In the following, we converted all electrical-conductivity data to an equivalent conductivity corresponding to a temperature of 20°C using the relationship published in Franson (1985) .
Hydraulic steady-state fl ow was imposed by using an irrigation device that distributed the irrigation water through 484 needles over the lysimeter's upper surface. Th e coeffi cient of variation of the spatial water distribution was 17 to 20% during test runs before the experiment. Th e irrigation rate was adjusted to 6.5 cm d −1 . At fi rst, tap water with an electrical conductivity of 455 μS cm −1 (20°C) and a pH of 7.9 (22°C) was irrigated until hydraulic steady-state conditions were established. Subsequently, the tap water was replaced by a Brilliant Blue solution with a concentration of 2.5 mg cm −3 . Tap water was used to prepare the Brilliant Blue solution, resulting in an electrical conductivity of 756 μS cm −1 (20°C). After 72.5 h of dye application, the irrigation was switched back to tap water. Another 53 h later, the irrigation was stopped to prevent complete staining of the bottommost soil layers. After the irrigation had been stopped for 46 h, the soil in the lysimeter was removed layer by layer. In the process, photographs of the stained cross-sections, Brilliant Blue concentration samples (10 per sampling depth), and Kopecky cylinder (100-cm 3 steel cylinders) samples (six per sampling depth) were collected (see Fig. 2 ). Th e sampling depths are listed in Table 2 .
We chose the reference time so that the water content (or water saturation) was as similar as possible to the one at the sampling time. Accounting for the redistribution of the water after the irrigation was stopped, we selected a data set that had been collected just before the Brilliant Blue experiment when the soil column was draining from a previous irrigation experiment with a tap water irrigation of also 6.5 cm d −1 . We used the TDRderived water contents to compare the water contents at reference and sampling times. In between the two observation times, the soil column had gone through a drying-wetting-drying sequence, which evokes hysteresis.
One-Dimensional Approxima on of Relevant Petrophysical and Petrochemical Parameters and State Variables
To constrain the parameterization of our petrophysical and petrochemical relationships, we assumed that a multitude of relevant parameters were approximately constant in the horizontal direction. Th is assumption is justifi ed by the distinct horizontal layering of the soil (Fig. 1a) . In the vertical, we discretized these parameters according to the horizontal cross-sections at which Brilliant Blue photographs were obtained.
Petrophysical Data Obtained from Time Domain Refl ectometry and the Kopecky Cylinder Samples
Th e one-dimensional water content profi le, θ z , was obtained by means of TDR data using a dielectric mixing model. Its parameterization is documented in Koestel et al. (2008) . We took the average of each of the two moisture contents obtained from the 1. Soil horizons and grain size distribu on of the Kaldenkirchen soil according to Pütz and Klimsa (1991) . The texture classes correspond to the classifi ca on system commonly used in Germany.
Horizon
Soil depth Sand (67-2000 μm) F . 2. Photograph of the cross-sec on of the lysimeter column at 99-cm depth. The labels were applied to mark the loca on of the Brilliant Blue samples (green), the Kopecky cylinder samples (red), and texture samples (yellow). The la er were not analyzed for this study.
TDR probes installed at each depth. For depths without TDR probes, the water content was linearly interpolated, whereas we set the water content at the bottommost 5 cm of the soil column to the saturated water content, which was measured by means of the Kopecky cylinder samples. Th e layers above the uppermost TDR probe (17.5 cm) were not considered. In between the reference and sampling times, the soil column experienced a drying-wetting-drying sequence. Th e span between minimum and maximum water content in the soil column during this period is denoted as Δθ Span,z and was used as a qualitative proxy for hysteresis. Similarly, we interpolated the bulk electrical conductivity at the reference time, σ b0 , which was obtained from the TDR signal attenuation using the calibration relationship published in Koestel et al. (2008) . Additionally, the TDR-derived ratio electrical conductivity σ r,TDR was calculated using Eq. [4] .
Th e one-dimensional bulk density, ρ b,z , and porosity, Φ z , approximations at depth z were obtained from the dried Kopecky cylinder samples. We took the average of each of the six Kopecky cylinder samples within corresponding depths. For depths without Kopecky cylinder samples, the bulk density and porosity were linearly interpolated. Th e one-dimensional water saturation at the reference time, S 0,z , and the change in water saturation between the reference and sampling times, ΔS z , were calculated from the one-dimensional water content, θ z , and porosity, Φ z , profi les.
Petrochemical Data Obtained from Laboratory Measurements on Soil and Water Samples
Th e adsorption isotherm was estimated with the aid of batch experiments, which were available for soil samples (approximately 24 g each) taken from three diff erent depths: 15, 45, and 90 cm. Th e soil samples were immersed for 2 d with Brilliant Blue solutions covering a concentration range between 1 × 10 −7 and 2.5 × 10 −2 g cm −3 . Afterward, the Brilliant Blue concentration in the supernatant, C w , was measured photometrically using light of a wavelength of 629.5 nm. We then obtained the respective adsorbed concentration, C s , directly from the total concentration. Th e adsorption isotherms for the three soil depths were modeled by means of an appropriate adsorption isotherm (see below). To obtain a depth profi le of the adsorption characteristics, we assumed that the adsorption isotherm taken from 15 cm was representative of the topmost soil layer (0-33 cm), the one taken from 45 cm was representative of the soil horizon between 33 and 55 cm, and the isotherm corresponding to 90 cm was representative of the depth 55 to 120 cm. A distinct soil horizon boundary was located at 120-cm depth. Beneath this depth, the clay content was considerably larger (see Table 1 ), which implies an increased affi nity to adsorption. Due to the lack of data on the adsorption isotherm from these depths, we did not interpret Brilliant Blue data from depths below 120 cm.
Th e coeffi cient γ, defi ned in Eq.
[12], is pH dependent. As we lacked pH data during the Brilliant Blue experiments, we constrained the range of possible γ values by measuring the change in electrical conductivity for solutions covering the range of Brilliant Blue concentrations and pH values considered in our study. Th e measurements were conducted for two diff erent values of pH, 6.1 and 7.9. Th e latter pH is that of the tap water used. Th e pH 6.1 corresponds to a 0.01 mol L −1 CaCl 2 solution. It is also the minimal pH that was previously measured in the effl uent for all experiments conducted on the soil column. We assumed that the pH was never below this value during the experiment.
Brilliant Blue Sampling and Image Processing Brilliant Blue Sampling
After the irrigation had been stopped for 46 h, the soil in the lysimeter was removed layer by layer and 16 horizontal cross-sections were prepared for photography (see Fig. 2 ). Th e photographs were taken with a digital camera (Canon EOS Mark II Ds) using a Canon lens of type ES 35 mm 1:14 L. Th e images were saved in TIF format with a resolution of approximately 16 dots cm −1 (40.6 dpi).
Th e camera was positioned centrally at 160 cm above the respective soil layers, except for the bottommost four cross-sections where the distance between camera and soil surface could not be maintained for technical reasons. For the bottommost cross-sections, the distance between the camera and the profi le face increased incrementally for each new photographed crosssection up to 180 cm. To supply homogeneous illumination, four lights (Ministudio 802, Multiblitz GmbH, Cologne, Germany) were positioned around the cross-section. Additionally, a white tent was placed above the camera and lights to minimize the impact of sunlight. For all photographs, a quadratic metal frame with gluedon measuring tapes was attached to the lysimeter. Th is enabled us to check and correct for spatial distortions in the images.
At 13 of the 16 horizontal cross-sections, 10 soil samples (126 in total) of approximately 5 g were taken to analyze the dye concentration (Fig. 2) . Th e locations were marked with green pieces of paper (see Fig. 2 ) and another photograph was taken to relate staining intensity to dye concentration. Th e complete sampling campaign lasted 2 d.
Brilliant Blue Laboratory Analysis
In the laboratory, Brilliant Blue was fi rst extracted from the soil samples with a 4:1 water/acetone solution as described in Forrer et al. (2000) . Th en, the Brilliant Blue concentration in the extracted solution was measured photometrically using light with a wavelength of 629.5 nm. In a next step, the bulk Brilliant Blue concentration, i.e., the mass of Brilliant Blue per mass of soil, C b,samples # (g g −1 ), was converted to mass of Brilliant Blue per volume of soil, C b,samples (g cm −3 ), by means of
Brilliant Blue Image Correc on
To quantitatively evaluate the spatially resolved dye concentration from the photographs, we followed the approach published by Forrer et al. (2000) . First, geometric distortions were checked with the aid of the measuring tapes on the metal frame and were found to be negligible (Fig. 2) . In the next step, we corrected the images for inhomogeneous illumination following Forrer et al. (2000) . Th is was done by translating the image from RGB (red, green, blue) color space to HSV (hue, saturation, value) color space (see, for example, Russ, 1995) . As we could not rely on a gray board, we used the V value of the green and yellow paper labels that had been used to mark sample locations (Fig. 2) . Afterward, the images were translated back to RGB color space.
Regression Analysis between Soil Color and Brilliant Blue Concentra on
We applied a single calibration relationship to relate the staining intensity at the Brilliant Blue sampling locations to the corresponding Brilliant Blue concentration. Like Forrer et al. (2000), we used the images' RGB values and the soil depth as explanatory variables. Th e soil depth was included in the regression analysis because our soil was horizontally layered and, thus, the depth could be used as a proxy for the background soil color.
To obtain the RGB values, we fi rst collected all pixels located within a square of approximately 2.5 by 2.5 cm (50 by 50 pixels) around the center of the individual sampling location. Like Forrer et al. (2000), we calculated the 20% trimmed mean for each RGB value to minimize the impact of outliers. Th e RGB values and depth were then standardized to zero mean and unit variance.
Following Forrer et al. (2000) , the regression analysis was performed by fi tting the log 10 C b to a second-order polynomial using the standardized explanatory variables.
In the next step, the calibration relationship was applied to the photographs, which were converted into maps of C b . For this step, we imposed the maximum concentration found for the calibration set as an upper threshold. Additionally, all apparent concentrations that were lower than the maximum concentration of the unstained samples in the calibration set were set to zero (see Kasteel et al., 2005) .
Next, each photograph was rotated until it matched the ERT coordinate system. Th en the image resolution was reduced to 1200 by 900 pixels in total to decrease the image noise and to shorten the computation time. After this, 1 cm corresponded to approximately fi ve pixels (12.7 dpi), except for the bottommost four cross-sections where the distance between the camera and the soil surface was greater than for the upper layers. Here, the resolution was slightly reduced. Finally, a median fi lter with a footprint of 4 by 4 pixels was applied to further reduce image noise.
Electrical Resis vity Tomography Image Reconstruc on
For ERT data inversion, we used a converted resistance, referred to as ratio resistanc, R r , which was given by Daily and Owen (1991) as
where R t (Ω) is the transfer resistance measured shortly before the Brilliant Blue sampling time, R 0 (Ω) is the transfer resistance measured at the reference time, and R hom (Ω) is the forward model response for the given electrode confi guration for a virtual analog of the lysimeter with a homogeneous electrical conductivity of 100 μS cm −1 . Th e ERT inversion yields an image of the ratio electrical conductivity, σ r , which is related to the bulk electrical conductivity, σ bt , briefl y before the Brilliant Blue sampling and at the reference time, σ b0 , as described in Eq. [4] . Additionally, the one-dimensional profi le of the ratio electrical conductivity, σ r,z , was calculated by the areaweighted average of all σ r voxels at each horizontal cross-section.
The inversions were performed with the smoothnessconstrained inversion code described in Binley et al. (1996b) . To account for data and modeling errors we applied a simple Gaussian error model for data weighting (Slater et al., 2000) , which consisted of an absolute (a app = 0.02 Ω) and a relative (b app = 0.5%) error component. Th e error model parameters were estimated on the basis of the reciprocal error analysis described in Koestel et al. (2008) . In order to further reduce the impact of data noise, we applied iterative data reweighting (see LaBrecque and Ward, 1990) .
Parameteriza on of the Rela onship between the Bulk Brilliant Blue Concentra on and the Ra o Electrical Conduc vity
It was our aim to translate the ERT-derived σ r to the photographically derived C b using Eq. [13] . To achieve this, we applied the one-dimensional approximations derived from the Kopecky cylinder samples (ρ b,z and Φ z ), TDR probes (σ b0,z and θ t,z ), and both (S 0,z and ΔS z ). Th e adsorbed Brilliant Blue concentration, C s , was obtained from the optically derived C b using the adsorption isotherm f as well as Kopecky cylinder and TDR data (Eq.
[9] and [10]).
For a parameterization of Eq.
[13], the following still-missing six parameters were also approximated as one-dimensional parameters: a z , the cementation exponent m z , the saturation exponent n 0,z at the reference time, its change Δn z due to hysteresis, the coeffi cient γ z , and the mineral surface electrical conductivity σ s,z . Th e six missing parameters were found by comparing the image data of the photographically derived C b and ERT-derived σ r . We spatially discretized both the C b and the σ r images into square-shaped bins with an edge length of 8 cm. Th is corresponds approximately to the horizontal cross-section of one fi nite element that was used for the ERT inversion (66 cm 2 ). To each of the bins, the 20%-trimmed mean of all Brilliant Blue and ERTimage pixels within the bin was assigned. In this way, we achieved an identical spatial sampling for both types of images.
We performed a Monte Carlo analysis (42,905 realizations) sampling the parameter space of Eq.
[13] (a z , m z , n 0,z , Δn z , γ z , and σ s,z ) using the σ r and C b values of the square-shaped bins.
Th e limits for a z , m z , (n 0,z + Δn z ), and σ s,z were chosen according to the values published in Schön (1998) for unconsolidated materials, listed in Table 3 . Th e limits for γ z were determined in the laboratory as described above.
We used the parameter combination for which the objective function at depth z, OF z (%),
was minimal to translate the ERT-derived σ r images to C b . In Eq.
[17], C b,ERT,i and C b,i denote the ERT and photographically derived bulk Brilliant Blue concentration of the ith bin, respectively, C b,z is the average bulk Brilliant Blue concentration at depth z, and N is the number of bins within the cross-section at depth z.
Th e parameter combination minimizing OF z is discussed below and the optically and electrically derived Brilliant Blue images are compared. Figure 3 gives an overview of the data sources and data processing steps performed in our study.
Results and Discussion
Petrophysical Parameters and State Variables
Th e water contents, θ, for the reference and sampling times are depicted in Fig. 4 for the two TDR transects. Th e large water content variations in the vertical were predominantly caused by the seepage face at the bottom boundary condition. Th e water content discrepancies between the two TDR probes installed at one depth were in the range of 0.02 cm 3 cm −3 , except for the depth of 92.5 cm (moisture content mismatch equals 0.05 cm 3 cm −3 ). We conclude that the assumption of horizontally homogeneous water content is justifi ed. Th e water saturation mismatch between the reference and sampling time, ΔS z , was small and did not exceed ±0.007 (Table 4) . We assume that ΔS was also approximately constant in the horizontal direction.
Th e span between minimum and maximum water content in the soil column between the reference and sampling times, Δθ Span,z , indicates that hysteresis in the saturation exponent n may be an issue for almost the entire soil column (Fig. 4) .
Th e bulk electrical conductivity at the reference time, σ b0,z , is given in Table 4 . It is positively correlated with the water content (Fig. 4) .
Th e bulk density, ρ b , and the porosity, Φ, that were derived from the Kopecky cylinders are given in Table 5 . Th e respective standard deviations (from the six samples at one depth) are small (Table 5) , which justifi es the one-dimensional approximation of the three parameters. 3. The limits put on the parameter space for the Monte Carlo analysis, which was carried out to parameterize Eq. [13]. F . 3. Schema c illustra ng the data sources and data processing steps in this study. The bold square frames indicate point-like data that were interpolated to a one-dimensional approxima on of the respec ve data; the oval frames denote spa ally resolved data; C b,sample # , mass of Brilliant Blue per soil mass obtained from the stained soil samples; C b , op cally derived bulk Brilliant Blue concentra on; ρ b,z , soil bulk density; θ t,z , water content at sampling me; θ 0,z , water content at reference me; C w , dissolved Brilliant Blue concentra on; C s , adsorbed Brilliant Blue concentra on; C b,ERT , electrical resis vity tomography (ERT)-derived bulk Brilliant Blue concentra on; σ r , ra o electrical conduc vity; σ s,z , solute electrical conduc vity; σ b0,z , soil bulk electrical conduc vity at reference me; a z , empirical parameter in the petrophysical rela onship; m z , cementa on exponent; n 0,z , satura on exponent at reference me; Δn z , change in satura on exponent between reference and sampling mes; γ z , pH-dependent propor onality factor rela ng Brilliant Blue concentra on to electrical conduc vity; S 0,z , water satura on at reference me; ΔS z , change in water satura on between reference and sampling mes; Φ z , soil porosity.
F . 4. The average me domain refl ectometry (TDR)-derived water content θ z profi le at the reference (subscript 0) and sampling me (subscript t). The data of the two ver cal TDR transects, at xy coordinates (0|58) and (0|−58) cm, are shown separately. Addi onally, the span between the minimum and maximum water contents in the me between the reference and sampling mes is shown (gray); SLB stands for soil layer boundary.
Adsorp on Characteris cs of the Kaldenkirchen Soil with Respect to Brilliant Blue
We used the Langmuir-Freundlich isotherm to describe Brilliant Blue adsorption:
where S max (g g −1 ) is the maximally adsorbed Brilliant Blue concentration, K l (g 1−β cm 3β g −1 ) is the distribution coeffi cient, and β (dimensionless) is a fi tting parameter that can be regarded as a heterogeneity factor (Hinz, 2001 ). Figure 5 illustrates that the Langmuir-Freundlich isotherm adequately describes the adsorption characteristics for the two-dimensional equilibrium. Th e adsorption in the topsoil representing soil depths between 0 and 33 cm is signifi cantly larger than that at greater depths. Th e adsorption characteristics of the soil samples taken from 45-and 90-cm depths are almost identical. Th erefore we describe the adsorption between the 33-and 120-cm depths with one single isotherm. Th e parameterizations of the isotherms are listed in Table 6 .
Rela onship between Dissolved Brilliant Blue Concentra on and Change in Solute Electrical Conduc vity Figure 6 shows that the relationship between C w and Δσ w is linear for both dissolved Brilliant Blue in tap water buff ered with CaCl 2 (pH 6.1, temperature 20°C) and pure tap water (pH 7.9, temperature 20°C). Consistent with the Brilliant Blue dissociation properties, the slope γ is smaller for the buff ered solution. Note that the pH for the unbuff ered solution (pure tap water) gradually decreased with increasing Brilliant Blue concentration from the pH of the tap water (7.9) to 7.3 (20°C).
Photographically Derived Bulk
Brilliant Blue Concentra on 
where R, G, and B stand for the red, green, and blue values in the RGB color space, respectively. Th e resident Brilliant Blue mass inside the lysimeter was calculated by means of two diff erent methods: (i) from the mass balance; and (ii) from the one-dimensional bulk Brilliant Blue concentration profi le (Fig. 7) . Th e mass balance yielded a resident mass of 416.1 g, as the cumulative mass that had been irrigated was 479.6 g and the cumulative mass in the effl uent was 63.5 g. Th e resident mass that was derived from the one-dimensional bulk Brilliant Blue concentration profi le by means of the trapezoidal rule was 376 g. Th is corresponds to 90.4% of the resident mass calculated by means of the mass balance. Th is is in the range of mass recoveries in similar studies (Javaux et al., 2006; Kasteel et al., 2007) . Down to a depth of 55 cm, the bulk Brilliant Blue concentration, C b,z , was smaller than 5 × 10 −5 g cm −3 (Fig. 7) . Here, the Brilliant Blue was in equal parts dissolved and adsorbed. Below 55 cm, the bulk Brilliant Blue concentration increased strongly and the dissolved phase became more and more dominant. Th is is a consequence of the nonlinear adsorption characteristics of Brilliant Blue (Fig. 5) .
T 4. The me domain refl ectometry derived change in water satura on (ΔS) and the bulk electrical conduc vity at the reference me (σ b0 T 5. Sampling depth and the mean and standard devia on of the porosity (Φ) and bulk density (ρ b ) of the Kopecky cylinder samples.
Soil depth
Mean 
Electrical Resis vity Tomography Derived Ra o Electrical Conduc vity
Th e ERT data could be fi tted to the target error level in the ERT inversion. As an example, a horizontal cross-section of the ratio electrical conductivity, σ r , is depicted in Fig. 8b . Th e corresponding one-dimensional profi le of the ratio electrical conductivities, σ r,z , followed the Brilliant Blue profi le (Fig. 7) . Th e TDR-derived ratio electrical conductivity, σ r,TDR , confi rmed the one-dimensional ERT-derived σ r,z (Fig. 7) .
Inves ga ng the Rela onship between Bulk Brilliant Blue Concentra on and Ra o Electrical Conduc vity
We conducted a Monte Carlo analysis and subsequently applied the parameter set that minimized Eq.
[17] to translate the ratio electrical conductivity to the bulk Brilliant Blue concentration. For illustration purposes, Fig. 8a and 8b show the photographically derived Brilliant Blue concentration, C b , and the ERT-derived ratio electrical conductivity, σ r , at a depth of 66 cm. Th e similarity between dye staining and electrical conductivity patterns is clearly discernable. Figures 8c and 8d show the identical data but with the spatial resolution used to parameterize Eq. [13] . Figure 9 shows the relative misfi t between ERT-derived and photographically derived bulk Brilliant Blue concentrations, OF z , for the best fi t and the misfi t range of the best 50 fi ts. Except for the topmost cross-section where the signal-to-noise ratio was worst, the misfi t is <50%. Below a depth of 66 cm, the best 50 parameter combinations fi t the data equally well.
F . 9. The misfi t between electrical resis vity tomography (ERT)-derived and photographically derived bulk Brilliant Blue concentra ons for the best fi t, and the misfi t range of the best 50 fi ts; SLB stands for soil layer boundary and OF z is the objec ve func on at depth z.
F . 6. Rela onship between the dissolved Brilliant Blue concentra on, C w , and the change in electrical conduc vity, Δσ w (with respect to a background value), for two diff erent pH values. F . 7. One-dimensional profi les of the dissolved (C w ), adsorbed (C s ), and bulk (C b ) Brilliant Blue concentra ons. Addi onally, the one-dimensional ra o electrical conduc vity profi les as derived by electrical resis vity tomography (σ r ) and me domain refl ectometry (σ r,TDR ) are shown. Note that in this fi gure, C w and C s were calculated with respect to the bulk soil volume. Above this depth, the minimum of the objective function, Eq.
[17], is better defi ned.
In Fig. 10 , the photographically derived and sampled bulk Brilliant Blue concentrations are plotted against the ratio electrical conductivity. In addition, the petrophysical relationship with the parameter set that yielded the smallest OF z is shown. Th e relationship between both quantities is approximately linear for the uppermost 54 or 66 cm. At these depths, Eq.
[13] describes the data well. For greater depths, the linearity breaks down more and more until the petrophysical relationship cannot describe the photographically derived Brilliant Blue concentrations anymore (Fig. 10, depths of 91 and 108 cm) . Figures 11a to 11c show that the petrophysical parameters leading to the 50 smallest OF z are better constrained for the topmost soil layers (depths 20-54 cm). Here, α z varies between 0.7 and 1.1, m z between 1.1 and 1.5, and n 0,z between 1.1 and 1.6, which are the ranges that have been reported in the literature for unconsolidated sandy material (Schön, 1998) , while Δn z is in the same order of magnitude observed by Knight (1991) (between −0.15 and −0.05, Fig. 11d) . Th e presence of hysteresis in the saturation exponent in the topmost soil layers appears reasonable in the light of the large temporal water content variations between the reference and sampling times, Δθ Span,z (Fig. 4) .
From 66 cm downward, α z and m z are not constrained anymore. Th e saturation exponent, n 0,z , increases strongly for depths 66 to 91 cm (maximum 2.6) and the change in the saturation exponent, Δn z , follows n 0,z inversely until the lower parameter limit is reached (−0.5). We consider the latter value to be unrealistically small, in particular as we may expect an even smaller hysteresis eff ect for these depths than in the topsoil (see Δθ Span,z , Fig. 4) . In this light, the large n 0,z values in these depths also appear questionable. Below the depth of 91 cm, n 0,z drops again to minimal values and the corresponding Δn z becomes approximately 0.
The petrochemical parameter, γ z (Fig. 11e) , is not constrained, which suggests that the pH dependency of the Brilliant Blue solution's electrical conductivity was of minor importance for the considered range of pH. Exceptions are the depths 66 to 91 cm, where the questionable saturation exponent values are found, which in turn casts doubts on the validity of γ z at these depths. Finally, the results of the Monte Carlo analysis show that OF z was also not sensitive to the mineral surface electrical conductivity, σ s (Fig. 11f ) , which was therefore considered not important to relate C b and σ r in our study. Figure 12 shows horizontal cross-sections of photographically (left) and ERT-derived (right) bulk Brilliant Blue concentrations using the best parameterizations of Eq. [13] (see Fig. 10 ). For the depths of 66 and 79 cm, ERT provided a strongly smoothed image of the photographically derived Brilliant Blue concentration but recovered the main features of the dye-stained soil. For greater depths (91 and 108 cm), the agreement between the two methods deteriorated: fi rst, ERT did not, or at best did barely, capture the unstained area, which was largely cut off from the column wall where the electrodes were located and, second, ERT F . 10. The electrical resis vity tomography (ERT) derived ra o electrical conduc vity (σ r ) vs. the photographically derived (gray diamonds) and sampled (black diamonds) bulk Brilliant Blue concentra on (C b ) for nine depths. The black line represents the parameteriza on of Eq. [13], which fi ed the data best.
F . 11. The results of the Monte Carlo analysis that was performed to parameterize Eq. [13] . The diamonds depict the parameter set that fi ed the data best; the gray shading illustrates the range of each parameter for the 50 best fi ts; SLB stands for soil layer boundary.
did not show an increased electrical conductivity at the rightmost region where the optical method indicated increased Brilliant Blue concentration.
Mismatches between the Imaging Methods and the Corresponding Error Sources
We investigated the results with respect to diff erent error sources. We considered a quantitative error appraisal desirable but restricted ourselves to a qualitative analysis, as a quantitative analysis (i) would exceed the time budget and computation power available for our study and (ii) was strongly aggravated by the lack of respective data. In the following, we classify the error sources into three groups: (i) measurement errors and errors due to the one-dimensional approximation and interpolation of a multitude of three-dimensionally variable parameters (Φ,θ,ΔS, ρ b, σ b0 , γ, σ s , α, m, n, Δn, S m , K l , and β); (ii) ERT imaging errors; and (iii) imaging errors in the photographically derived Brilliant Blue concentration. Figure 10 shows unbiased noise alongside a systematic breakdown of linearity between the bulk Brilliant Blue concentration and the ratio electrical conductivity with depth. Th e unbiased noise was attributed to all three of the above-discussed errors.
Th e systematic breakdown of the linearity between the photographically derived bulk Brilliant Blue concentration and the ratio electrical conductivity could, in theory, also be explained by means of measurement, approximation, and interpolation errors; however, this would postulate highly improbable coincidences. Th e breakdown of linearity is much better explained by ERT-imaging errors. In the topmost soil layers (z < 66 cm), the Brilliant-Blue-related electrical conductivity contrast and the respective lateral gradients are small. Such conditions are known to be especially suited for quantitatively sound, smoothnessconstrained ERT imaging (e.g., Singha and Gorelick, 2005) . Here, the relationship between the photographically derived bulk Brilliant Blue concentration and the ratio electrical conductivity is linear, and reasonable petrophysical parameters were found in the Monte Carlo analysis. Without ground-truth, however, their validity remains speculative.
At depths of 66 and 79 cm, patches of large Brilliant Blue concentrations were located next to the electrodes (Fig. 12) . In these regions, the ERT sensitivity is maximal (see Koestel et al., 2009) . As a result, the locations of the Brilliant Blue patches were captured correctly by ERT. Due to the relatively large lateral electrical conductivity gradients, however, the maximum concentrations are smoothed and therefore underestimated ( Fig. 10 and  12 ). At subsequent depths (91 and 99 cm), the major part of the cross-section was stained (Fig. 12) . Th e only unstained region was almost entirely cut off from the electrodes. It is known that ERT is less sensitive to isolated spots of electrical conductivity contrast. Consequently, the unstained region is only partly (at 91 cm) or not at all (at 99 cm) visible in the ERT images. In this way, the linear relationship between the photographically derived bulk Brilliant Blue concentration and the ratio electrical conductivity vanishes. For the depths of 79 and 91 cm, the breakdown of linearity can be compensated by large n 0,z and small Δn z and γ z (Fig. 11) . For greater depths (99 and 108 cm), the range of photographically derived bulk Brilliant Blue concentrations was not resolved by ERT and Eq. [13] describes only an average value. We therefore ascribe the anomalous parameters found in the Monte Carlo analysis to ERT-imaging artifacts similar to the ones investigated and described by Day- Lewis et al. (2005) and Singha and Gorelick (2006) .
For depths 91 and 99 cm, the photographically derived bulk Brilliant Blue concentration showed increased Brilliant Blue concentrations at the right-hand side of the cross-sections. Th ese features should have been detectable by ERT as they were located in a region of high ERT sensitivity; however, no regions with increased electrical conductivity are discernable on the corresponding ERT images (Fig. 12) . Th is suggests that imaging artifacts in the photographically derived Brilliant Blue concentrations are present. We suspect that they can be ascribed to lateral illumination heterogeneities or lateral variations in soil color. Th e latter was observed in this part of the column during the sampling campaign. Th e region of apparently increased Brilliant Blue concentration and diff erent soil color, however, are not congruent.
Summary and Conclusions
In this study, we determined that Brilliant Blue staining patterns can be quantitatively recovered by means of their electrical F . 12. Photographically derived (le ) and electrical resis vity tomography (ERT) derived (right) bulk Brilliant Blue concentra ons for the cross-sec ons at depths of 66, 79, 91, and 99 cm.
conductivity contrast in moderately acid to basic media. It follows that Brilliant Blue staining patterns can be visualized not only by photographical methods but also by means of a noninvasive geophysical method sensitive to electrical conductivity contrast. Th e joint application of photographic and geophysical methods (in this study ERT) has various potential benefi ts: the Brilliant Blue staining patterns can be used to benchmark the ERT images and vice versa; the advantage of optical Brilliant Blue imaging (high spatial resolution) can be combined with the advantage of ERT imaging (spatiotemporal resolution), which should off er an improved characterization of transport processes; and the photographically derived Brilliant Blue image data can be used to constrain the ERT inversion problem. Also, our study demonstrates the eff orts that have to be invested in data collection and processing to relate electrical and optical Brilliant Blue images quantitatively, i.e., numerous petrochemical (pH and Brilliant Blue adsorption isotherm) and petrophysical parameters (e.g., water content, soil porosity, formation factor, saturation exponent) of the soil have to be characterized. In our study, we achieved this by using and interpolating data from TDR probes and soil samples and by assuming that the petrochemical and petrophysical parameters were constant in the horizontal direction. Six petrophysical and petrochemical parameters for which no data were available were fi tted by means of a Monte Carlo analysis. Th e six parameters obtained from the Monte Carlo analysis are believed to refl ect, in large part, ERT-imaging errors.
Our results illustrate the well known facts that stand-alone, smoothness-constrained ERT is not ideally suited to image large electrical conductivity gradients and, more importantly, that isolated regions with electrical conductivity contrast may not be recovered. Th e former issue could be compensated by the use of a diff erent regularization term, e.g., spatial statistics that are derived on the basis of the photographically derived Brilliant Blue images. Moreover, both issues could be improved either by insertion of extra electrodes inside the soil, which decreases the probability of isolated regions with electrical conductivity contrast, or by a joint application with another geophysical imaging method, for example attenuation georadar (e.g., Ernst et al., 2007) .
